Increased use of wood has led to complex timber constructions and new types of engineered wood products. In simulations, however, mainly simplified models are used to describe this material with its strongly varying properties. Therefore, reliable prediction tools for mechanical properties of wooden boards are needed. Those varying properties mainly originate from knots and fiber deviations. Thus, we use fiber directions on board surfaces to reconstruct knots within boards. Combined with a fiber deviation model we assess our model with experiments on different levels: fiber directions on surfaces, strain fields and bending stiffness profiles.
A C C E P T E D M A N U S C R I P T
A 3D model for knots and related fiber deviations in sawn timber for prediction
Background
The building material wood is undergoing an increased demand in recent years, which can be attributed to a large part to the development of new types of engineered wood products [1, 2, 3, 4] . In contrast, the design of timber structures is often based on costly experiments or on relatively simple considerations that have found their way into standards. Therefore, there is a big need to develop wood as an engineering material with well-defined properties, which will lead to a better utilization and a more efficient use of this building material.
The mechanical performance of timber elements is mainly influenced by the presence of knots and the resulting fiber deviations [5, 6] . These influences are nowadays captured during the strength grading of structural timber, where scanners and grading machines that are common at sawmills can sample high resolution data of fiber orientations on wooden board surfaces, obtained by laser scans using the tracheid effect, photographs of surfaces, X-ray photographs etc. But this detailed information of local effects is mostly used in rather simple empirical correlations to experimentally obtained strength values. Thus, in the last years, new and more accurate methods for machine strength grading that utilize the knowledge of fiber directions on board surfaces were developed [7, 8, 9] and even implemented into real-time grading processes [10] . The latter method uses the mentioned fiber orientations on the surfaces to calculate bending modulus of elasticity (MOE) profiles, which can then be used to predict the board's strength, leading to more accurate predictions than similar approaches. However, there the fiber directions on the surface were used to also estimate local material orientations within the board without taking the actual occurrence and orientation of knots into account. Hence, the use of so-called fiber deviation models for the description of fiber directions in the vicinity of knots would improve such an approach. A starting point for such a model is the so-called flow-grain analogy [11, 12] , which is a mathematical formulation describing the 2D fiber deviations around a single knot and is based on the similarity of the fiber course pattern in the vicinity of knots in the longitudinal-tangential plane and the fluid flow around an elliptic A C C E P T E D M A N U S C R I P T obstacle. [13, 14] derived a mathematical model for the description of the 3D geometry of knots and fiber deviations, which extends the flow-grain analogy to account for the knot formation theories presented by for example [15] and uses polynomial functions fitted to growth ring patterns to also describe the fiber deviations in the out-of-plane radial directions. Another fiber deviation model was suggested by [16, 17] , determined by passing a laminar flow through a Finite-Element model to obtain velocity vectors, which were used to define local material orientations. [18] also used a fluid mechanical approach to numerically determine the fiber orientation in the vicinity of knots.
All these fiber deviation models have in common that the knot geometry must be known, which also implies the knowledge of the location of the pith of each board investigated. In practical processing of timber such knowledge is limited. However, by combining data that can be obtained in the production speed of sawmills with mathematical models, accurate models of timber could be developed, which on one hand could be the basis for even more accurate strength predictions, and on the other hand could be used for the realistic simulation of failure mechanisms within wooden boards with knots [19, 20] . Therefore, various attempts have been made to model the 3D geometry of knots within boards [21, 22, 23, 24, 25, 26, 27, 28, 29] .
To assess accuracy and potential of such numerical models, comparisons to experimentally obtained results are necessary and such comparisons need to be done on different levels, such as comparison of experimentally and numerically obtained fiber deviations on board surfaces, strain fields and bending stiffness profiles. To assess accuracy and applicability of timber models that takes knots and fiber deviations into account, comparisons to experimentally obtained results are necessary. Such comparisons can be done on different levels, and may include (1) comparisons of experimentally and numerically obtained fiber deviations on board surfaces, (2) comparisons of strain fields on board surfaces calculated on the basis of data from laboratory bending tests and numerical simulations, respectively, and (3) comparison of local bending stiffness of knot sections of boards calculated on the basis of such strain fields. [30] made such comparisons to evaluate alternative timber models.
Aim and scope
As already mentioned, [30] developed timber models, which were used to obtain bending stiffness profiles for wooden boards under bending load. Such profiles were already successfully used to estimate the bending strength of boards by using the mininum bending stiffness value as a so-called strength indicating property (IP) . Within that publication the exact modeling of fiber orientations inside the board was not the main focal point. But when aiming at simulating realistic failure mechanisms in wooden boards with knots [19, 44, 20] , the focus is more on a as realistic as possible modeling of local material directions. Thus, the present paper aims at further development and application of a model of 3D fiber directions in the vicinity of knots in structural timber [14] and to evaluate and discuss the potential of such a model as a tool for prediction of mechanical properties of timber and uses the experiments, developed in [30] , to validate the models. More precisely, objectives are to
• suggest and calibrate a model to capture the influence of several adjacent knots in a piece of timber,
• investigate the sensitivity of inaccurate location of pith (knowledge of actual position of pith in a boards crosssection is often limited) which in turn cause inaccurate conception and models of knots,
• evaluate accuracy and applicability of the models when used as basis for assessment of mechanical properties of timber, i.e. for calculation of stiffness on local and global levels.
Hence, within this work, first, a numerical simulation tool for wooden boards with knots is revisited, including a summary of our knot reconstruction algorithm, which utilizes laser scan information. Then, an extension of the fiber deviation model to include the combined effect of multiple knots is presented (Section 2.1). By means of comparisons to experimentally obtained data, the influence of modeling parameters on the fiber deviations on board surfaces is then shown in Section 3.1.Next, in Section 3.2 a detailed discussion on the influence of model parameters on strain distributions and bending stiffness profiles is presented, where an optimal parameter set is found and applied to three experimentally tested wooden boards (Section 3.3). Finally, in Section 4 concluding remarks and a brief outlook is given.
Materials and methods
The study comprised three boards of Norway spruce (Picea abies (L.) H. Karst), harvested from the southeast of Norway. The dimensions of the investigated specimens were 45 × 145 × 4550 mm 3 and their moisture content at the time of experimental testing was about 12 % (see [30] for more details). In addition to the density, the first axial resonance frequency was determined for all boards by means of dynamic excitation using an impact hammer, vibration response captured by a microphone and fast Fourier transformation using a spectrum analyzer. These frequencies were A C C E P T E D M A N U S C R I P T then used to scale the elastic material properties, such that the calculated resonance frequencies would be the same as the experimental ones.
In the following Section 2.1, we first describe the used numerical simulation tool and its main components briefly, which are based on previous research [22, 31] and introduce improvements of the fiber deviation model and new procedures for the combination of multiple knots. Then in Sections 2.2 and 2.3, the experimental setup and the procedure for obtaining the bending stiffness profiles are presented, which were first presented in [30] and, now, allow a validation of the improvements and novelties of the numerical simulation tool. Figure 1 : Definition of the used coordinate systems, with LRT (longitudinal, radial, tangential) being the global, cylindrical "tree" coordinate system and lrt the local "fiber" coordinate system. The shown curved plane is an example of a so-called growth surface, which contains all fibers which have been produced by a tree at the same time and where l is facing in fiber direction and r is normal to that surface. In regions, where the fiber course is not influenced by knots, lrt coincides with LRT .
Numerical simulation tool
The numerical simulation tool [22, 31] enables the 3D geometric reconstruction and simulation of the mechanical behavior of wooden boards with knots. As mentioned above, the elastic orthotropic material properties for all regions but the knots were obtained following the approach in [30] . The material properties are based on a set of nominal parameter values, which are representative for Norway spruce from [32] . Those values were then modified according to the specimen's resonance frequency, leading to the stiffness tensor components given in Table 1 . This means that the elastic material properties are constant within each specimen and only their local material directions are varied. The corresponding definition of the local coordinate system can be seen in Figure 1 . The fiber deviation model will be described in Section 2.1.2, but in this figure already one of the model assumptions can be noticed: wood fibers are oriented within a so-called growth surface, which contains all fibers of a tree which have been produced at the same time and where the local radial direction r is normal to that surface. B1  14819 1158  699  675  580  376  661  820  32  B2  13645 1067  644  622  534  346  611  758  29  B3  15523 1213  732  707  607  394  695  862  33 Within the knots the local longitudinal direction l shows in direction of the knot pith, which in our model coincides with the cone axis. The knot stiffness tensor C k is obtained by using a micromechanical model [33, 34] , where for the knot density a 2.5 times higher density than for clear-wood and a rather high microfibril angle of 55
• is used. This micromechanical model allows the calculation of the stiffness tensor from a few universal nanoscaled constituents and from microstructural properties, such as density, moisture content, microfibril angle and volume fractions of cellulose, lignin, hemicelluloses and water, and leads for specimen B1 to the following homogenized stiffness tensor in Table 2 . In addition to this knot stiffness definition, the effect of possibly pre-cracked knots on the stiffness of knots and, thus, of the wooden boards will be studied by two additional knot stiffness definitions: setting the knot stiffness tensor to 50 % and 1 % of the stiffness tensor values in Table 1 , respectively.
The geometrical model of the simulation tool allows the description of the 3D fiber course in the vicinity of knots. Thus, first, the 3D knot morphologies must be obtained (see Section 2.1.1), which are then available as rotationally 7707  8181  8181  4638  4638  3075  4529  4529  2553 symmetric cones. This information can then be used to calculate the local material directions for each integration point of a corresponding finite element model of the board by using a fiber deviation model (see Section 2.1.2). For the finite element models of the three investigated boards rather fine meshes were chosen to capture all possible effects caused by high strain gradients. Thus, for the knots a maximum element edge size of 6 mm and for the remainder of the board of 10 mm were chosen, resulting in total mesh sizes of 345 000 to 430 000 elements for the three specimens with ten-node tetrahedral elements. As all subsequent simulations will be in the elastic range, simulation times still remain short. The boundary conditions of the FE model are defined according to the experimental test setup (see Section 2.2). For the FE simulations the commercial software ABAQUS (from Dassault Systèmes, Vélizy-Villacoublay, France) and for knot reconstruction, fiber deviation calculation and bending stiffness investigation MATLAB (from MathWorks Inc, Natick, Massachusetts USA) are used.
Knot morphology reconstruction
Within the numerical simulation tool, knots are modelled as rotationally symmetric cones, which have to be virtually reconstructed. To ensure the future applicability of our approach to real wooden boards, our reconstruction algorithm relies on laser scan data that is obtained during the grading process of individual timber boards. Such laser scanning devices are already a widely used part of the wood processing chain to improve the yield of grading. By using the so-called tracheid effect, which describes the light propagation in wood [35, 36, 37, 38, 39] , the fiber angles on the wooden board surfaces can be obtained. These values are then used to automatically determine knot areas on all four surfaces of the respective board. From the knot areas, the three-dimensional knot geometry is reconstructed employing an automated algorithm. A simulated-annealing optimization scheme is incorporated to identify most probable knot arrangements for cases were the available data leaves room for ambiguity. The different aspects of this reconstruction algorithm are discussed in detail in [31] . In the following, only the main features are revisited:
1. The in-plane fiber angles on the board's surfaces are combined with estimates of the out-of-plane angles, which are determined by using the empirical model proposed in [40] . By using a threshold value for the now 3D fiber angle estimate, individual knot areas can be identified. A deterministic criterion is then used to group the knot areas into knot groups.
2. Photographs of the cross sections at both ends of the board are used to fit multiple circles to the visible year rings to estimate the pith location. The course of the pith is represented by a linear connection of the arithmetic means of the center points at both ends.
3. Next, the axis vectors of all knot cones are reconstructed using an automated scheme, which is based on the identified knot areas from step (1) and the location of the pith from step (2) and works for an arbitrary number of knot areas within each previously defined knot group. All pairs of knot areas, which do not lie on the same board surface, are connected by a so-called knot axis candidate. Then, for each such candidate, a normalised measure is determined, which is based on the normal distance between axis and pith on one hand and the distance between the two connected knot areas on the other hand.
After sorting the knot axes by their corresponding measure, an iteration process is used: in each iteration step, the axis with the best fitness measure is selected and removed from the pool of axis candidates, if, in addition, some predefined critical values are not violated, such as inclination angle between axis and pith. Furthermore, as each knot area can only belong to a single knot, all other candidates associated with one of the knot areas belonging to the selected axis are also removed from the candidate pool. This iteration step is repeated until no more axis candidates are available.
If, after the iteration process, knot areas are remaining, it is assumed that they belong to knots, which are only piercing one of the board's surfaces. For such knots, a combination of an estimated knot inclination angle and the knot area position is used to reconstruct the knot. For the former the average inclination angle of all already reconstructed knot axes is used.
4. To obtain the opening angle of the knot cones, for each reconstructed knot axis, a least-square fit to the boundaries of the associated knot areas is performed.
Finally, an improvement of the reconstruction quality is achieved by employing a simulated-annealing optimization scheme [41] , which minimizes the reconstruction error. Here, the difference between the knot areas obtained by virtually intersecting the reconstructed knot cones with the board and the ones from step (1) is used as error measure. This approach leads for specific cases of knot configurations to significantly improved reconstructions compared to the principally deterministic algorithm of the previous steps, which justifies the relatively high computational effort. For smaller knots, the reconstruction accuracy strongly depends on the resolution of the laser scans. During this study, knots with opening angles of α < 1.5 o could be successfully reconstructed. However, cones with such opening angles tend to lead to discretisation problems during meshing for the subsequent 3D FE analysis. For this reason and also because it is not expected that these knots have noticeable influence on the mechanical behavior, they are ignored for the remainder of this study. A typical result of reconstructed 3D knot morphologies for specimen B1 is shown in Figure 2 .
Fiber deviation model
With this model the local coordinate system in each integration point in the vicinity of knots can be calculated. It must be noted that for all subsequent region definitions (except for the knots) the orthotropic stiffness tensor is constant within a specimen and only local material directions change.
Single knot.
1
As presented before, knots are represented by cones. Now, a so-called fiber deviation region (FDR) is defined for 2 each knot cone individually. Within this region a fiber deviation algorithm, proposed by [14] , is used to determine 
This approach assumes that there exists an analogy between the abovementioned two-dimensional fiber course in the vicinity of a knot in the LT-plane, and the streamlines of the so-called Rankine oval, which can be modeled by the superposition of a rectilinear flow, and a source and sink of equal flow rate. For elementary hydrodynamics, the reader can refer to [42] . Figure 3 shows the streamlines of the Rankine oval, i.e. an analogy for in-plane fibre course around a knot cross section shown in red. The mathematical expression of a flow that has a constant value in [m 2 /s] along a streamline is given by
where U is the velocity of the rectilinear flow in [m/s] and q is the flow rate in [m 2 /s] from the source and the sink. The parameter a is the distance of the source and the sink to the origin of the coordinate system shown in Figure 3 . Dividing Eq. (2) by U on both sides, leads to
indicating, for a given size and shape of a Rankine oval that the streamlines are determined by the parameters G and a, where G is the ratio of q to U , i.e. G = q/U . Particularly, at position (l = 0, t = bk/2), the following relationship derived from Eq. (3) holds
According to elementary hydrodynamics, the velocity of the superposed flow in l-direction is given by
Moreover, u l at position (l = −l k /2, t = 0) i.e. at the so-called stagnation point is equal to zero, which results in
Thus, for a given Rankine oval, by using Eqs. (5) and (6) parameters G and a are determined. For a more detailed derivation, reference is made to [14] and [43] . For a realistic representation of fibre directions that can actually be observed, the streamlines, which are characterized by different constant values of Y 0 , at different distance from the knot, need to be established using Rankine ovals of different size and shape. Assuming that the ratio between the lengths of the Rankine oval in T -and L-direction is constant, the longitudinal length l R is determined as
Then, G and a are set directly proportional to l R , as
where G 0 and a 0 are obtained for the case when the Rankine oval coincides with the knot cross section. A f low and B f low in Eq. (7) are two coefficients. By using different values of A f low and B f low for above and below the knot, the so-called α-and β-patterns [15] , which are used to describe the fiber course in different growth periods (α-pattern for earlywood and β-pattern for latewood, see Figure 4 ) can be resembled. Anyhow, as the element size within our finite element models ranges from approximately 3 mm to 15 mm, it is not practicable to distinguish between earlyand latewood layers within our model. In addition, also the resolution from the laser scanning is not sufficient to distinguish between different layers. Thus, the effect of varying A f low and B f low values will be studied within this work. In addition, [14] assumed that the fibers are oriented within the growth surface S, and that subvector dr in Eq. (1) is the projection of df on the normal vector of the LT-plane. Thus, the third dimension of the fiber direction vector for a point P (l, r, t), the so-called dive angle, is obtained by using the following polynomial function for the growth surface:
with S i0 being the radial position of the growth surface in the undisturbed zones of the stem. p is an identifier of a set of points in a given growth surface with constant distance from the pith and, thus, the section of the growth surface and above (sup) the knot (growth direction of the tree is from left to right), where (a) is the so-called beta-pattern described by [15] and (e) the alpha-pattern, where the marked areas show regions with biggest differences.
with the LR-plane, and
where x dive is a length in longitudinal direction L, controlling the steepness of the fitted polynomial functions, γ the angle between knot pith and local radial direction, and δ the knot's apex angle.
Combination of multiple knots.
For species like spruce, knots ususally appear in clusters of multiple knots, which means that the fiber deviation algorithm, which has been developed for a single knot, has to be extended to allow the combination of multiple knots. In our presented approach this means that the introduced fiber deviation regions of single knots might overlap and, thus, different fiber direction vectors have to be combined. Thus, in case that n fiber deviation cones intersect, the local fiber orientation vector df P and the radial direction vector n rP , i.e. the normal vector of the growth surface S, for an arbitrary point P , are obtained by a weighted combination of the individual direction vectors:
Such a combination of multiple knots and their resulting fiber deviations has been first introduced in [22] :
where r f,k is the radius of the fiber deviation region in the respective LT-plane and d a,k the distance to the knot cone axis. (17)) definition of weighting factors w k for the determination of fiber directions for points lying in the fiber deviation regions of more than one knot (pure red/blue = fiber direction is only controlled by the respective knot; any color combination in between red and blue indicates a combined fiber direction).
For big knots and, subsequently, big FDRs, this approach might lead to an unwanted influence of dive angles close to knots, as a knot easily might lie within the FDR of a big knot. When we expect the fiber deviations close to the A C C E P T E D M A N U S C R I P T knot to be only influenced by the respective knot, such a linear combination leads to more shallow angles of the local longitudinal fiber direction in close vicinity to the knot. A visual representation of this effect can be seen in Figure 5 (a) for two fictitious knot sections in the LT-plane. Here, regions in pure red or blue indicate that the fiber deviations at the respective knot are only controlled by that knot as one of the weighting factors is equal to one and the other one equal to zero or very small, respectively. Any combination of these two colors indicates a combined influence. It can be noticed that for the old weighting definition, due to the big influence of the bigger (red) knot on the bottom left, there are no pure blue regions.
Thus, we propose a new type of combination of multiple FDRs, where it is ensured that fiber deviations close to a knot only depend on that knot:
where d c,k denotes the normal distance to the surface of the respective cone k. As can be noticed in Figure 5 (b), now, the regions right next to the knots are only influenced by their respective weighting factors. Thus, fiber deviations resemble the actual fiber course around knots more accurately. Figure 6(a) shows the definition of the FDR (red) in previous versions of the fiber deviation model, where the FDR around a knot was defined by a cone with the same apex and axis as the cone representing the knot itself, but with a fourfold apex angle. The same definition, but with a fivefold apex angle, was also used for the so-called transition region (gray) between fiber deviation and clear wood regions, which ensures a smooth transition of the determined fiber directions. Within this work, we will also study a new definition of the FDR (see Figure 6 (b)). Here, the FDR is defined as the intersection of a cone with the same apex and axis as the cone representing the knot, but with a sixfold apex angle and of a cone with the same dimensions as the knot cone, but a translation along the knot axis, such that the thickness of the FDR is restricted to 25 mm. This results in a bigger FDR close to the pith and a smaller one with increasing distance to the pith compared to the old definition. Correspondingly, the transition region is defined by the intersection of a sevenfold-apex-angle-cone and a second cone with a distance of 30 mm to the knot cone. The effects of the different FDR definitions will be discussed in Section 3.1.
Pith reconstruction.
As mentioned before, the pith is modelled piecewise linear by connecting the reconstructed knot cone apexes. Although the knot reconstruction itself is based on an estimate of the pith, obtained by fits into the annual year rings, which are visible on the boards' end surfaces, due to the optimization process it cannot be ensured that the resulting piecewise linear pith does not deviate from this first pith estimation. Thus, and because knowledge of the actual position and/or course of the pith in a board's cross-section is often limited, the resulting fiber deviations on the board surfaces will be investigated in regions with strong local changes of the pith. Furthermore, the possible use of higher order pith definitions, i.e. the use of a parametric spline approximation fitted into the cone apex locations, and other improvements will be studied.
Experimental setup & procedure to obtain experimental strain fields
The objective of the experiments was to obtain strain fields of board surfaces subjected to pure bending. Thus, it had to be made sure that no local effects, e.g. introduced by the load application, affect the subsequent study of the bending stiffness profiles (see Section 2.3). Therefore, the four-point bending test setup, shown in Figure 7 , was chosen, for which a large area with constant and pure bending moment can be ensured. The load was applied via two load cells with capacities of 100 kN, and to prevent local indentations at the loading and the support positions, small steel plates with dimensions of 100 × 150 mm 2 were attached to the specimens. At the two loading positions, lateral
A C C E P T E D M
A N U S C R I P T Figure 7 : A schematic measurement setup of the bending test combined with DIC measurements. The center section of the specimen (dimensioned with 3300 mm) is exposed to a constant and pure bending moment and measured by six ARAMIS subprojects, each capturing a length of 560 mm along the board while the load was kept constant. [30] constraints prevented lateral torsional buckling of the boards, and roller bearing setups at the supports allowed an in-plane rotation. The experimental setup is described in detail in [30] and will only be revisited briefly here. To obtain strain fields of the loaded boards, an optical measurement system (TRITOP) is combined with a digital image correlation (DIC) system (ARAMIS), both from Gesellschaft für Optische Messtechnik, Braunschweig, Germany. The former uses a photogrammetry camera, (un)coded reference point markers (RPMs), scale bars and a set of orientation crosses, to establish 3D coordinates for discrete points at pre-determined positions on a test object, whereas the latter allows full-field, non-contact and 3D surface deformation measurements, by using a system with dual cameras with fixed relative positions and a stochastic spray pattern, applied onto the test object. Here, the measurement technique is based on the correlation of facet elements in digital images. As shown in Figure 7 , the investigated areas comprised of the two wide board surfaces, i.e. the center section of the board with dimensions of 145 × 3300 mm 2 . Due to the size of this area and to ensure high-resolution measurements, a subdivision into six ARAMIS subareas was necessary, where the TRITOP system was used to establish a global coordinate system, where relations of all subareas were rendered possible. Thus, a DIC resolution of 2.6 × 3.2 mm 2 in transversal and longitudinal directions, respectively, could be achieved. The shaded areas in Figure 7 (a) denote the coverage of a single ARAMIS subproject and the overlap between two such subprojects.
The output of these measurements was 3D displacement information on the abovementioned grid. This information was, finally, used to obtain strain fields with a resolution of 20 × 20 mm 2 .
Bending stiffness profiles
In addition to the validation of the numerical simulation tool by means of experimentally obtained fiber deviations and strain fields on the wide board surfaces, we will also show a comparison of numerically and experimentally determined bending stiffness profiles, using the approach proposed in [30] .
For both numerical simulations and DIC measurement results, the 3D coordinates and displacements were used to obtain engineering strains in longitudinal direction on each of the two wide board surfaces. In the following, the coordinate system is defined as x in longitudinal direction, y over the height and z over the thickness of the board. Next, a desired longitudinal resolution of calculated bending stiffness of the boards, represented by a longitudinal distance L r , was chosen, which actually is the same as a moving average window for the longitudinal strains and was fixed to L r = 80 mm. This averaged longitudinal strains ε x (x p , y, z) were calculated for positions x p , where for the experimental results x p+1 − x p = 2.6 mm was used due to the given grid size of the DIC measurement results and for the numerical ones x p+1 − x p = 1 mm. As for the latter ones the strain field data was not available in grid form, due to the used nonuniform tetrahedral FE mesh, first an interpolation of the scattered 2D data onto a 2D grid had to be performed. Figure 8(b) shows that for a clear wood section the course of ε x (x p , y, z) is close to linear. Whereas for a knot section (see Figure 8 (c)) this is not the case, and, thus, a least square fit was used to obtain the linear approximationε x (x, y, z).
The cross sectional bending stiffness of the board was then determined based onε x (x p , y, z) and calculated as:
where M z is the applied constant bending moment, y 0 is the position on the y-axis whereε x (x, y, z) = 0 and y 1 is an arbitrary position along the y-axis. Therefore, EI z,r,c (x p ) is the calculated edgewise bending stiffness, of longitudinal
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Results and discussion
In this section, first, the influence of the improved fiber deviation model is discussed and comparisons to experimentally obtained fiber deviations of two representative knot sections are investigated. Then, the impact of several model parameters and their effect on strain fields and bending stiffness profiles on board surfaces is presented in detail for the front surface of specimen B1, leading to an optimal set of parameters, which will then be applied to the front and back surfaces of three different wooden boards to show the agreement to experimentally obtained bending stiffness profiles.
Fiber directions in the vicinity of knots
The impact of the new FDR definition and the new weighting factors, respectively, is shown for the fiber deviations at two close-by knots in the LR-plane in Figure 9 . In each row of subfigures only the length parameter x dive , controlling the steepness of the growth surface S (see Eq. (10) Figures 9(a) to 9(c)) it can be noticed that the FDR of the left knot overlaps with both the FDR of the right knot and the right knot itself. This leads, in combination with the old definition of the weighting function, to an unrealistic fiber course in the vicinity of the right knot. The marked region in Figure 9 (c) shows that the fiber deviations right next to the knot are not symmetric as one would expect.It is easy to imagine that these effects are especially big for boards where the pith is relatively far outside the board or when the angle between pith and knot axis is small. Such an influence of an erroneous pith course, stemming from an unwary application of the knot reconstruction algorithm, on the fiber deviations and, thus, the resulting bending stiffness profile will be shown later. The new definition of the FDR already improves this unrealistic behavior, as the possible overlapping of regions from multiple knots is reduced. But the marked region in Figure 9 (d) still shows that for the old definition of the weighting factor, the combination of fiber directions of two overlapping FDRs is still not satisfying, which can be improved by using the new exponential weigthing function (see Figures 9(e) and 9(f)). As already mentioned before, according to Shigo's knot formation theory [15] the fiber deviation pattern in the LTplane can differ greatly, depending on whether the considered point is in the early-or the latewood layer, respectively, i.e. we would have to use parameters leading to the so-called alpha-(cf. Figure 4(e) ) or the beta-pattern (cf. Figure 4(a) ). As mentioned previously, it is not practicable to distinguish between early-and latewood layers within our model. Thus, in Figure 10 we study the influence of the chosen pattern (alpha-or beta-pattern) on the visible fiber directions on the surface of a knot section at x = 2950 mm of specimen B1, consisting of three knots. As mentioned in Section 2.3, x is the longitudinal direction with origin on the left end of the board (see Figure 7) . Figure 10(d) shows the reconstructed knots within this section and Figure 10 (a) the experimentally obtained fiber directions plotted on the board's surface image. Figures 10(b) and 10(g) show the result of a beta-and alpha-pattern, respectively, although it must be noticed that due to out-of-plane inclinations of the two knots on the right these two knots show a mixed influence of LT-and LR-plane parameters (LT: A inf /sup f low ; LR: x dive ). Thus, the influence of changing the out-of-plane fiber deviation parameter x dive is shown in Figure 10 (e). The absolute difference in fiber angles between experimentally and numerically obtained fiber directions is shown in the figures in the right column of Figure 10 . A closer inspection of Figures 10(c) and 10(h) shows that the former one better approximates the fiber deviations in front of the left knot. If you take a closer look at the region after the middle knot in Figures 10(c) and 10(f) , the former is preferable here as well. Figure 11 shows the application of the preferred fiber deviation parameter set (A Figure 6 ) and (c,f,h,j) comparison of computed and laser-scan-obtained fiber deviations, where always for the same point on the surface the absolute difference in fiber angle is plotted (the darker the point, the greater the difference).
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A N U S C R I P T Figure 6 ) and (c) comparison of computed and laser-scan-obtained fiber deviations, where always for the same point on the surface the absolute difference in fiber angle is plotted (the darker the point, the greater the difference).
reconstruction algorithm disregards knots with apex angles smaller than 1.5
• due to their small mechanical significance.
Influence of model parameters on strain distributions and bending stiffness profiles
Within the used numerical simulation tool several parameters influence the numerical results and, thus, also resulting properties like strain distributions and condensed material properties like bending stiffness profiles. To better understand the impact of these parameters, and therefore their respective significance during the modeling process, we look at them individually in the subsequent parameter studies. The goal is to find an optimal set of modeling parameters, which will then be applied to a total of three wooden boards to determine numerically obtained bending stiffness profiles, which are compared to experimentally obtained ones.
Knot stiffness
The first studied parameter is the stiffness of the knots. The top diagram in Figure 12 shows the resulting bending stiffness profiles using three different knot stiffness definitions and the experimentally obtained one (by means of DIC measurements on the board's front surface). The stiffest version is a result of using our standard definition of the knot stiffness tensor, which is obtained by the previously mentioned micromechanical model. The resulting longitudinal strain field x can be seen in Figure 13 (c) for two representative knot sections, the same ones, which were already discussed in the previous section on the fiber deviations on the board's surface. The first knot section at a longitudinal coordinate of 2620 mm consists of only a single edge knot, whereas the second knot section at 2950 mm comprises three knots, marked by black arrows for the sake of clarity. The high stiffness of the knots in perpendicular-to-grain (r and t) directions naturally leads to very small strains within the knots themselves, but also reduces the strains in the adjacent regions. In contrast, the experimentally obtained strain field in Figure 13 (b) shows higher strains for all knots, except for the one lying at the neutral axis. This difference in stiffness can also clearly be noticed in the averaged strain profile, shown in Figure 13 (f) on the left. As explained in Section 2.3, these averaged strain profiles are obtained by averaging over a moving average window. For the discussed strain profile this window is illustrated by the dashed areas on the left of Figure 13 (b) and Figure 13 (c) of the corresponding strain fields. For these averaged strain profiles, the numerical result in Figure 13 (f) (red curve) shows lower strain values for the bottom third of the board compared to the experimental results. Therefore, also the corresponding bending stiffness profile in Figure 13(k) shows that for the knot section at 2620 mm the resulting stiffness is clearly overestimated.
A closer inspection of the knots showed that almost all of them were cracked in perpendicular-to-grain direction, which is also illustrated for some arbitrarily chosen knots in Figure 13(g) . Thus, to account for this reduction of knot stiffness, next, the knot stiffness tensor was set to half the clear-wood stiffness tensor (e.g. for B1: C llll = 7409, C rrrr = 579, C tttt = 349, C llrr = 338, C lltt = 290, C rrtt = 188, C lrlr = 331, C ltlt = 410 and C rtrt = 16, all in [MPa]). That way, the longitudinal stiffness is in the same range as the one in Table 2 , whereas all other components are about a magnitude lower. The longitudinal strain field x in Figure 13 (d) now shows a better agreement with the experimental one, if one accounts for the much higher resolution of the numerical results, especially in the vicinity of knots, stemming from the quite small size of the used finite elements in these regions (in constrast to the experimental representation, for the numerical results, strains lower or higher than the chosen limits, shown in the legend, are plotted in dark and light gray, respectively, to allow for higher clarity). The course of the bending stiffness profile for the region of the left knot section shows a very good agreement with the experimental results. It should also be noted (a)
(k) Figure 13 : Detail of the front surface of a board section of specimen B1 with two representative knot sections and a clear-wood section between them, showing: (a) a surface image, (b) the experimentally obtained strain field, the numerically obtained strain fields of (c-e) the knot stiffness parameter study (with decreasing knot stiffness), with (d) being the reference solution, (h) the enlarged knot size study, (i) the unadjusted pith and (j) the x dive -variation, all obtained for the same load stage. (f) shows the corresponding averaged strain profiles over the height y of the board, obtained from the marked strain regions (in the strain field plots the solid line shows the profile's position along the board and the dashed area the corresponding moving average window) and (k) the corresponding bending stiffness profiles, with the position of the two strain profiles along the board marked. (g) shows arbitrarily chosen knots on the same board surface, which indicate cracks in perpendicular-to-grain direction.
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that in comparison to the higher knot stiffness, now, not only the depths of the drops agree very well but also the slope of the drop can be reproduced with the simulation.
To study the whole range of possible knot stiffness values, next, the knot stiffness tensor components were set to 1 % of the clear-wood one. As expected, for the resulting bending stiffness profile, the drops within the knot sections are now deeper, although the differences between this version and the previous one are not as pronounced as between the first two. Additionally, it can be noticed that this version leads to very large strains within the knots and quite low ones in the surrounding areas, leading to a sharp transition, which can be seen in Figure 13 (e) for the single edge knot on the left, and, thus, to an unwanted divergence from the experimentally obtained strain field in Figure 13(b) .
Thus, and because for some knot sections (see top diagram in Figure 12 at 900 mm, 1600 mm and 2950 mm, respectively) the almost zero knot stiffness would lead to too low bending stiffnesses, for all further parameter studies, the knot stiffness is fixed to the second version of reduced perpendicular-to-grain stiffness tensor components.
Fiber deviation parameters
The possible fiber deviation parameters (A inf f low and A sup f low for the LT-plane, and x dive for the LR-plane) are studied next. The corresponding bending stiffness profiles are shown in the center of Figure 12 . As already discussed in Section 3.1, for most knot sections the change between alpha-(blue curve) and beta-pattern (red curve) parameters makes only a slight difference. But it should be noted that for sections with multiple knots, like the one at 2950 mm, which is also represented in Figure 10 , the latter parameter set leads to better results, which agrees with the findings in Section 3.1.
For the fiber deviation parameter x dive , controlling the steepness of the fiber course in the LR-plane, the difference in the curves for the two extreme values (grayish area in the bending stiffness profile diagram) is again greater in areas with multiple and/or bigger knots. This effect can also be noticed by comparing Figure 13 (d) and Figure 13 (j), for which the only difference is the value of x dive (90 for the former and 130 for the latter one, respectively). Where for the single edge knot on the left the strain distribution is almost the same, the right knot cluster causes larger regions of high longitudinal strains for the higher x dive -value.
As a result, the fiber deviation parameter set is fixed for all subsequent parameter studies to A 
Pith reconstruction and shape
Within the fiber deviation model, it is assumed that the knot cones' apexes lie on the pith, which results in a piecewise linear pith. But, if the possible pith location or changes in directions of the piecewise linear pith are not confined during the knot reconstruction process, for knot sections with multiple close-by knots this modeling approach might lead to regions with problematic fiber deviations. The reconstructed knots for such a problematic region can be seen in Figure 10(d) . In Figure 14 a 3D representation of the reconstructed knots and the resulting pith (blue) are shown for some critical knot sections (knots two to four from the left correspond to the ones in Figure 10(d) ). As expected, the pith lies outside the board with a distance of about the thickness of the board. One can clearly notice that the pith is changing its direction considerably within the mentioned knot section. This can be attributed to the close proximity of the cone apexes, where even slight perpendicular-to-longitudinal offsets lead to strong pith direction changes. This has the following impact on the fiber deviations in this region: within the fiber deviation algorithm, for each considered point the longitudinal direction L of the global coordinate system is defined by the pith direction at the closest point on the pith. Thus, strong changes in pith directions lead to large areas of wrong fiber deviations (see Figures 10(i) and 10(j) ) and, therefore, regions with unrealistically high strain values (see Figure 13(i) ). In Figure 10 (i), one can clearly notice the dependence of the local fiber directions on the pith course, e.g. by examining the clear-wood fiber orientations (green) in the region above the first two knots, which comes even clearer by the comparison plot in Figure 10 (j).
With small manual adjustments of the pith within this knot section, the resulting fiber deviation estimation can already be vastly improved (see Figure 10(b) ). In addition, also the strain fields now agree very well with the experimentally obtained ones (see Figure 13(d) ). After identifying this modeling insufficiency, in a second adjustment step also the pith at the position 3400 mm was modified (see orange cones and red pith in Figure 14 for the final reconstruction after two adjustments), leading to similar improvements for the second studied knot section.
Finally, to study the shortcomings of a piecewise linear pith or to find a possible improvement of the simulation tool, the pith was also modeled by using a parametric spline approximation fitted into the cone apex locations. No significant difference in the fiber deviations on the surfaces could be noticed for this pith version.
After studying the influence of the pith reconstruction on the fiber deviations visible on the board's surfaces and the resulting strain fields, now, we look at the implications on the subsequent bending stiffness profiles (see bottom diagram of Figure 12 ). As already mentioned, strong changes in pith directions lead to large areas of wrong fiber deviations and, thus, unrealistically high strain values. As the bending stiffness profiles are directly based on the A C C E P T E D M A N U S C R I P T Figure 14 : 3D representation of the reconstructed knots and the resulting pith course for the unadjusted version (red cones and blue pith) and the final reconstruction after two adjustments (orange cones and red pith), respectively, for a section of specimen B1 (x ≈ 2400 mm to 3600 mm).
strain fields, we can now also see that this also leads to sections with greatly underestimated bending stiffness values (see blue, dashed curve (i) in Figure 13 (k) and bottom diagram of Figure 12 ).
The first adjustment of the pith already vastly improves the bending stiffness estimation for the knot section at 2950 mm (orange curve). The second small adjustment at the position 3400 mm finally leads to even smaller differences between the numerical and the experimental bending stiffness profiles (compare orange to red pith course and bending stiffness profiles, respectively).
The use of a spline approximation representing the pith instead of the piecewise linear version, shows that the resulting bending stiffness profile (green curve) for most knot sections only differs slightly, but that for one knot section (at 1600 mm) this approach underestimates the stiffness. Thus, and because the determination of the closest point on the pith and of the corresponding tangent to the pith needs more computing effort for the spline pith, a piecewise linear pith will be used in all future simulations, and the final pith adjustment version will be referred to as the reference model subsequently.
Fiber deviation region definition
In Section 3.1 we mentioned the possible unwanted ramifications of our old FDR definition for the use of the fiber deviation model in the realistic simulation of failure mechanisms in the vicinity of knots. If you look at the different variants of both FDR definitions and weighting factors w k in the top diagram of Figure 15 , then you can see that the influence on the bending stiffness curves is very small compared to the previously performed parameter studies. Also an additional variation, in which the weighting factors depend on the knot opening angles (blue bending stiffness profile) showed no discernible differences. This is of course due to the fact that these profiles are generated by using a moving average for the determination of the corresponding strain profiles. But, if we assume the case of an inaccurately or sloppily reconstructed pith, then a clear difference in the curves (marked with an orange area within the diagram), and, thus, a clear influence of the FDR and weighting factor definitions, can be noticed.
Knot size and location
Finally, we will look at the impact of knot size and location on the bending stiffness profiles, which would correspond to the effects of systematic modeling/reconstruction errors.
Starting from the reference simulation (red knots/curve), the opening angles of all branches are reduced (green knots/curve) or enlarged (blue knots/curve) by 20 %. The resulting bending stiffness profiles are shown in the center diagram of Figure 15 . As larger/smaller knots lead to larger/smaller fiber deviation regions, also the impact on these profiles in knot sections is significant. In addition, size changes of knots lying closer to the narrow sides of the board have a higher significance than the ones close to the bending neutral axis. For the deeper stiffness drops this results in stiffness changes of more than ±1000 MPa. This means that both bigger knots and, as seen before, the knot stiffness lower the bending stiffness of knot groups. Therefore, one might wrongly conclude that the previously drawn A C C E P T E D M A N U S C R I P T 
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A N U S C R I P T conclusion of the lower knot stiffness in the transverse direction, which was also used in all subsequent simulations, was not correct. But, as already mentioned, the correct slope of the stiffness drop can only be achieved with the lower knot stiffness version. This means that by controlling the knot size the correct deepness of the stiffness drop can be achieved, but the length of the drop is underestimated. The second examined knot parameter is the location of the knots. Here, the y-coordinate of all knots, and therefore their distance to the tensile loaded edge, was varied by ±5 mm. Thus, the course of the pith remains the same and also fiber deviations on the surfaces are just translated away or towards the tensile loaded edge, respectively. Although this overall translation of all knots is rather small compared to the height of the board of 145 mm, the bottom diagram in Figure 15 shows that for some knot sections the effects are much greater than the influence of the knot size, which has just been described. Also, in contrast to the study of the latter parameter, no uniform trend in the change in bending stiffness profiles can be observed. Where larger knots always lead to bigger drops in the stiffness profile, a uniform translation of knots towards the tensile loaded edge does not always cause lower local bending stiffness values, as the knot section at 2620 mm shows. 
Application of chosen parameter set to multiple boards
In the previous Section 3.2 the parameter sets for our model have been defined by investigating the bending stiffness profiles, which were obtained from strain fields on the front surface for specimen B1. Now, in Figure 16 both front and back surface results are shown and compared with the experimental results. It can be seen that position, depth and also slopes of the stiffness drops agree very well over almost the entire board length. Also, it should be noted that at most positions along the board the bending stiffness profiles on the front and back surfaces differ greatly and still the difference between experimentally and numerically obtained profiles is quite small. One discrepancy in the comparison can be noticed for the front surface at 3170 mm. Here, in our model the small knot going from the front to the top surface was not modelled due to the chosen size threshold. In addition, in the DIC evaluation this "edge knot" led to very localized high strains close to the board's edge and, therefore, a non-linear strain profile. Thus, the A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T resulting linear fit during the bending stiffness profile generation rather led to an experimental underestimation of the actual bending stiffness.
The bending stiffness profiles of two additional boards, obtained by using the same modeling assumptions as for the first board, are shown in Figure 17 . Here, also a very good agreement between numerically and experimentally obtained stiffness profiles can be seen.
Conclusion and future work
To improve the performance of the numerical simulation tool for wooden boards with knots, a new definition for the fiber deviation regions in the vicinity of knots and also new weighting factors for the combination of multiple close-by knots were presented, and a new formulation for the pith was studied.
The extension to the fiber deviation model improved the quality of the fiber patterns in close proximity to knots and also the transition of fiber deviations between multiple knots significantly, where the so-called beta-pattern showed the best results for the comparisons to the fiber deviations gathered by laser scanning. These model refinements should be valuable, e.g., when aiming at simulating realistic failure mechanisms in wooden boards with knots [19, 44, 20] .
The investigation of the influence of the pith course on the numerical results showed that sharp local changes in the pith direction must be avoided. This behavior stems from the current implementation of the knot reconstruction algorithm and can easily be changed, thus, it is important that the pith course should be accurately represented by the model, as even small sections with erroneous pith direction lead to large regions of wrong fiber deviations, which cause wrong strain fields and, as a consequence, result in great underestimations of local bending stiffness values.
The comparison to experimentally obtained bending stiffness profiles was used to find sets of optimal modeling parameters, where the following points are emphasized:
• Reduced knot stiffness tensor components in perpendicular-to-grain directions were able to account for the influence of pre-cracks in knots.
• A correct representation of the location and, in particular, the direction of the pith within the board is needed in order to establish accurate fiber directions close to knots on the basis of the model proposed by [14] and further developed herein.
• Fiber deviation parameters controlling the fiber course in the LT-plane (i.e. a change from a so-called alphato a beta-pattern parameter set) have rather small influences on bending stiffness profiles, as long as the abovementioned precautions for the pith are taken.
The final application of the modeling parameter set to three different boards, and the comparison of bending stiffness profiles of both wide surfaces for each of them, showed very good agreement. Similar agreement with regards to the bending stiffness profiles was also obtained by [30] , which focused on developing new strength grading methods, but an achievement obtained within the present research is a more appropriate 3D model of the relationship between knots and fiber orientation of the interior of the board, which gives a better basis for further development. It should be noted, however, that the simplifying assumption used that knots are shaped like cones (in reality knots are often curved) is a remaining, significant limitation. Also, further validation based on a larger experimental dataset should and will be perfomed in future.
With a well-validated numerical simulation tool several possibilities arise. One application is the improvement of strength grading models [45, 10] . By varying the configuration of critical knot sections numerically, the impact of the influence of various parameters (e.g. interaction of multiple knots) can be studied much easier and also in higher detail than by means of experiments, as FE simulations also allow to study the internal stress flow in wooden boards. 
